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ABSTRACT   
A review of external blast loads on structures modeling methods is presented in the paper. Also, numerical 
simulations of explosions in an urban scenario were done in software Ansys AUTODYN, and compared to 
experimental data.  
Recommendations were given regarding the use of numerical simulations in blast wave parameter 
calculations for the urban environment, as well as suggestions for further research. 
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1. Introduction 
After the explosion, the detonation products expand very fast, creating a shock wave with discontinuous 
pressure peak. When structures are impacted by this wave, they are dragged away from the detonation point, 
and after that pulled back towards this point. Damage on the structure during this short process depends upon 
large number of influencing factors.  
The most important parameters of explosive shockwaves are maximum overpressure value (blast wave force 
impacting a surface of the structure) and impulse of the blast (area beneath the pressure-time curve of a wave 
in positive phase) [2,5]. 
1.1. Effects of blast on the human body 
Generally, reflected blast waves, occurring in an urban environment, are usually more dangerous to the human 
than incident waves in free airburst scenario. Studies show a higher mortality in enclosed spaces than in open 
ones, with serious injuries, particularly because of shockwaves reflection [3]. Table 1 shows injuries/deaths in 
open/enclosed areas. 
Table 1. Injuries/deaths in open/enclosed areas (Source: [3]) 
 Open space Enclosed space 
Deaths 8 % 49 % 
Injuries: 
- Primary Blast Injuries 








Parts of the body sustaining most severe injuries after the blast wave impacts are: brain (extreme 
acceleration/deceleration), eyes (contusions, lesions), ears (delicate bones injury), limbs (traumatic 
amputation), lungs (magnified risk in confined areas), gastro-intestinal tract (fast compression/expansion of 
the gases), kidneys (can be torn from attachment points inside the body), liver (bruises, tears, punctures). 
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Structural objects can be damaged from both the positive and negative shockwave phases, but the human body 
is injured mostly during the positive phase [3]. In Table 2 are shown the effects of explosion blast wave 
overpressure and wind on human body and structures. 
Table 2. Effects of explosion blast wave overpressure and wind on human body and structures (Source: [3]) 
Peak overpressure  
(kPa) 
Maximum  
wind speed (m/s) 
Effects on the  
human body 
Effects on  
structures 
7 17 
Light injuries from 
fragments  
Window glass breaks 
14 31 
Injuries from flying 
glass 
and other debris 
Moderate damage on 
objects (windows, doors 



















damaged or crushed 
138 224 
Fatalities 
close to 100% 
Heavily built concrete 
structures severely 
damaged or crushed 
1.2. Blast effects in an urban area 
In 2020, Beirut was a site of massive explosion of ammonium nitrate storage (2750 tonnes, equiv. to 1.12 kT 
of TNT charge [14]), causing over 200 casualties, more than 6500 injuries, leaving 300 000 people without 
homes and accounting for more than 15 billion US$ in damage. 
To massively damage a structure, maximum overpressure and impulse must be larger than minimum values 
required, depending on the type of object. For example, a moderately high overpressure and a low impulse are 
sufficient for glass breakage. Bricks, on the other hand, require relatively high impulse, and small 
overpressure values. In a trench, cave, tunnel, or urban street, blast wave pressure decrease is slower 
comparing to the open areas, because reflections of the wave from the walls are present, and the reflection 
from several walls can lead to a multiplication on another wall [2].  
The location of the charge and the building geometry also influences the distribution of shock wave 
overpressures. Corridors may cause delayed channelling effect increasing the overpressure. Many cities have a 
complex building distribution, and the presence of large structures usually leads to lower dispersion of the 
shockwave energy [6]. 
The response of the structural object (Table 2) on shock wave depends also on its natural vibration frequency, 
whereby part of the energy is reflected, and part transmitted to object, depending on the object properties [3]. 
Research of blast effects and building protection techniques started rapidly to increase worldwide, mainly in 
order to be able to protect important objects [7]. 
A response of humans to explosive threat might be to seek protection in buildings and cellars, but this can be 
dangerous. These objects offer relatively good protection from the primary fragments, but they can generate 
debris (window glass; i.e. Khobar towers bombing), concrete pieces, metal rods, pipes, part of the facade, 
sharp wooden debris). Also, some blast waves compromise objects structural integrity (collapse), crushing 
those who took shelter inside [3]. 
In previous period more than 4300 improvised explosive devices killed more than 65400 people (in 2014, over 
75% of victims were non-combatants) [11].  
When IED or high explosive munitions detonate in an urban area, blast waves (incident and reflected), 
together with fragments (primary and secondary), can cause large number of casualties. One notable example 
is 120 mm mortar attack in an enclosed public space (marketplace) in Sarajevo (1994), with the devastating 
effects (68 people killed and 144 wounded). That location was shelled again in 1995, and a number of 
traumatic brain injuries (trauma consistent with blast wave injuries) were reported. This marketplace is located 
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in the centre of the city, encircled by tall structures, which probably reflected and intensified the blast wave, 
increasing the severity of injuries caused by fragments [3]. 
A similar event of an urban environment attack occurred in Tuzla (1995), when 130 mm artillery projectile 
killed 71 and wounded 150. Primary fragments were the main cause of deaths but it is possible that blast wave 
reflection, intensification (causing also secondary fragments) and channelling resulted in a higher number of 
fatalities. When large aerial bombs are used in close quarter urban areas, people caught outside in the streets 
can sustain severe injuries [3]. 
2. External loading of structures  
In the case of finite structures there are three types of interaction between the blast wave and objects. The first, 
called diffraction loading, is the interaction of a large-scale blast wave such as might be produced by a nuclear 
device or conventional charge with very high yield (illustrated in Figure 1a), where the blast wave engulfs the 
object. Here, movement of the object is minimized because of its size (diffraction target). The second 
category, called drag loading, involves large-scale blast wave acting on a smaller object (Fig. 1b). This type of 
target (called drag target) will also be engulfed but dynamic pressure translational force will move and further 
damage the target as well. Third is the case of a blast wave created by the explosion of a relatively small 
charge loading a larger structure (Figure 1c), where the response of individual components of the structure 
should to be separately analysed [9]. 
 
 
Figure 1. (a) Large explosion and relatively large object; (b) large scale explosion and rel. small object; (c) 
small scale explosion and rel. large object (adapted from [9]) 
The blast load on a structure depends on many parameters: explosion size, explosion location (confinement 
type), the geometry and orientation of the object, etc. [2]. The knowledge required to design blast resistant 
construction include dynamics, explosion physics, and physical security techniques. One of the military 
manuals which provide procedures for the designing protective structures is TM5-855-1 (restricted for use). 
This manual contains formulas for prediction of blast wave parameters, and can be used to estimate explosive 
loading on structures [7]. Manual UFC 3-340-02 [4] is another widely used publication for evaluation of 
structure resistance against the explosion blast. 
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Figure 2 shows schematically the main effects of a shock wave on objects, after the explosion. Figure 2(a) 
presents a structure (house), a nearby tree and small animal (in this case dog) before the wave arrives. Figure 
2(b) shows objects after the passage of blast wave - large objects (house and tree) are encircled by wave 
(diffraction – blast wave loads all exposed surfaces). In this situation, the right wall of the house (towards the 
tree) is loaded by reflected and the front wall with incident overpressure. In that process, weaker structure 
elements (the glazing) will fail. But the house and the tree are firmly connected to the ground, and don’t move 
under the blast load. Small animal experiences the same loading, but although being also engulfed by the blast 
waves (diffraction load), the dog responds more to the dynamic pressure (represented by moving air 
molecules behind the wave front). So, the dog is carried away along with the blast wind. Loosely fixed items 
on the house (the roof tiles, antennas) and the tree (leaves, smaller branches) are cut off by the dynamic 
pressure load. Figure 2(c) shows the same scene after the overpressure phase is finished. Figure 2(d) shows 
objects experiencing the underpressure phase (consequence of rarefaction and reversing air flow) [16]. 
 
 
Figure 2. External blast load (adapted from [16]) 
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2.1. Forces acting on structures/objects 
The estimation methods for the external blast loads on objects, presented in this section (based on UFC 3-340-
02 manual), are mostly used in the case of above-surface rectangular objects (other shapes and surface 
location can also be included in calculation) subjected to a plane shock wave front.  
The forces acting on object loaded with a shock wave depend on the maximum overpressure and the impulse. 
Relationships are known between the peak dynamic pressure (qo), the particle velocity, the peak incident 
pressure (Pso), and the density of air behind the shock wave. The particle velocity, dynamic pressures 
(important parameter for estimation of the loads on objects), and density of air depend on the peak incident 
pressure (as shown in Fig. 3) [4].  
 
 
Figure 3. Relations between maximum incident pressures, maximum dynamic pressure, and density of 
air behind the shock wave front, and particle velocity (source: [4]);  
(SI units: 1 psi = 6894,76 Pa,  1ft/msec = 304,8 m/s,  1 lb/ft3 = 16 kg/m3) 
 
The effects on the objects subjected to an explosive blast load depend on the loading magnitude - time history 
and maximum intensity, so during the design process one needs to estimate the appropriate change of the 
dynamic and incident pressures during time.  
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Incident shock wave (Figure 4) is characterized by a rapid (almost discontinuous) increase in pressure to a 
certain maximum value, a period of decrease to an ambient pressure, followed by a period in which the 
pressure decreases below ambient. 
 
Figure 4. Idealized P-t variation (source: [4]) 
Variation of pressure with time is, generally, an exponential one, and some programs (i.e. CONWEP) take 
another approach, with exponential function of pressure decay with time (Friedlander equation) [7]. 
But the actual variation of the incident pressure can be successfully approximated by using so called 
"equivalent triangular pressure pulse" (Fig. 4) and estimated "manually", in a step-by-step manner. Here, the 
real positive phase duration is replaced by a "fictitious" one tof, expressed with total impulse i of positive 






=             
   (1) 
 
The formula (1) for the equivalent triangular pulse can be used for the incident and reflected pressures. For the 
negative phase, a similar method may be used, where the equivalent negative P-t curve will usually have a 










              (2) 
 
Here i- is total wave impulse and P- maximum pressure of the negative pulse (of the incident or reflected 
waves). [4]. 
2.2. External loads on structures without openings 
The forces acting on a structure can be classified as: the force from the dynamic pressure, the force from the 
incident pressure, the force from the reflection pressure, and the force from the negative phase pressure.  
To reduce the difficulties involving the blast problems, certain simplifying assumptions can be made: the 
incident pressure is smaller than 13,7 bar, the object is rectangular, the loaded object is in the region of Mach 
stem, and the object height is lower than Mach stem [4]. 
2.2.1 Front Wall Loads 
For above ground object, the pressure P(t) on the front face, for the case of normal reflection, is shown 
schematically in Fig. 5a.  




Figure 5. Front wall loading (source: [4]) 
When the incident shock wave impacts the front wall of the object, the pressure rises to normal reflected 











              (3) 
 
where S is "clearing" distance (H or W/2, whichever is the smallest; Fig. 5a), H – object height, R - S/G ratio 
(G is equal to H or W/2, whichever is larger; Fig. 5), and Cr is sound velocity in region of reflection (Fig. 7). 
The reflected pressure from the front of the object is relieved by the sides and roof leakage. Because of this, 
reflected pressure is reduced relatively quickly and becomes the sum of the side-on and the dynamic pressure. 
The time required for this is called clearing time tc, mentioned in Eq (3) [8]. The clearing reduce the impulse 
to the front surface of an object compared with the impulse to an infinitely large object in which clearing 
would not be possible [16]. 
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Figure 6. Different blast wave parameters for TNT 
explosion on the surface; imperial units (source: [4]) 
 
(SI units: 1 psi = 6894,76 Pa, 1 psi-ms/lb1/3 = 8973,58 Pa-ms/kg1/3,  
1 ms/lb1/3 = 1,3 ms/kg1/3, 1 ft/ms = 0,3048 m/s, 1 ft/lb1/3 = 0,3967 m/kg1/3) 
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Figure 7. Sound velocity in reflected overpressure region as a function of maximum incident overpressure 
(source: [4]); (SI units: 1ft/ms = 304,8 m/s; 1 psi = 0,0689 bar) 
The pressure on front wall after time tc can be estimated by summation of the incident and the drag pressures 
[4,12,20]: 
 
qCPP Ds +=               (4) 
 
The drag coefficient CD depends on Mach number and object shape. For higher pressures, this method can 
give a "fictitious" P-t curve, so this must be checked by constructing another curve (triangle with dots in Fig. 
5a) using the total impulse of reflected pressure ir from Fig. 6 for a shock wave with a normal reflection (Fig. 









=               (5) 
 
where Pr is the maximum pressure with a normal reflection (Fig. 6). Curve (Fig. 5a) that shows the smallest 
value of the impulse is generally used in calculation of the wall loading. If the shock wave front hits the 
structure at a different angle (called oblique angle; Fig. 5b), the maximum pressure is a function of the 
incident pressure and the angle of incidence (diagram on Fig. 8). Following expression can be used for non-











=               (6) 
 
Here peak reflected impulse irα is obtained from diagram on Fig. 10. Only the positive part of the P-t curve in 
Fig. 5b is used for the structure front wall construction.  
The negative pressures should also be estimated in the process of the structure motion prediction. Here, the 
maximum reflected pressure in negative phase (Fig. 5) and reflected impulse can be obtained from Fig. 9 and 
correspond to the maximum incident pressure (Fig. 6) hitting the object front wall. 
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Figure 8. Reflected pressure coefficient versus angle of incidence (source: [4]);  
(SI units: 1 psi = 6894,76 Pa = 0,0689 bar) 
 
 
Figure 9. Blast wave parameters of negative phase for a TNT 
explosion on the surface (source: [4]);  
(SI units: 1 psi = 6894,76 Pa, 1 psi-ms/lb1/3 = 8973,58 Pa-ms/kg1/3,  
1 ms/lb1/3 = 1,3 ms/kg1/3, 1 ft/ms = 0,3048 m/s, 1 ft/lb1/3 = 0,3967 m/kg1/3) 




Figure 10a. Reflected scaled impulse versus angle of incidence for 10 - 7000 psi range (source: [4]);  




Figure 10b. Reflected scaled impulse versus angle of incidence for 0,7 - 1500 psi range (source: [4]);  
(SI units: 1 psi-ms/lb1/3 = 8973,58 Pa-ms/kg1/3) 
 
 PEN Vol. 9, No. 1, January 2021, pp.104-126 
115 
2.2.2 Roof and side walls 
When blast wave traverses across the object, the upper (roof) and side walls are pressure loaded (incident 
pressure reduced by a negative drag pressure at a given time).  
The part of the face loaded at a given time depends generally on the incident pressure, the location of the front 
wave and wavelength of positive (Lw) and negative phases (Lw-). To estimate total loading on a surface, one 
needs to analyse the wave movement across the face - this requires integration of the pressures at different 
locations (Figure 11a), to calculate the equivalent uniform incident pressure on a distance L (Fig. 11b).  
 
 
Figure 11. Roof and side wall loading (source: [4]) 
As shown in Fig. 11, the equivalent uniform pressure will rise in a linear fashion from tf, when the shock wave 
approaches the front element of a structure (point f), to td, when the maximum equivalent uniform pressure is 
obtained. This pressure will after that decrease to zero at location b on the element.  
The equivalent load factor CE, the rise time, and duration of equivalent uniform pressure can be obtained from 
diagrams in Figures 12, 13, and 14, as a function of ratio Lwf /L.  
The maximum pressure PR acting on the roof can be estimated by summation of equivalent uniform and drag 
pressure [4]: 
 
ofDsofER qCPCP +=            (7) 
 
Here Psof represent the incident pressure (at point f), and qof dynamic pressure (corresponding to CEPsof). 
Recommended values for CD (for the upper and side walls depend on the maximum dynamic pressure) are 
presented in table 3. 
Table 3. Recommended CD values (Source: [4,13]) 
Loaded surface Drag coefficient 
Front 0,8 - 1,6 
Rear 0,25 - 0,5 
Side and roof (pressure dependent)  
0 - 172,4 kPa -0.4 
172,4 - 344,7 kPa -0.3 
344,7 - 896,3 kPa -0.2 
For overall motion of an object, the negative phase pressures effects should also be estimated during the 
procedure [4]. 
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Figure 12. Maximum equivalent uniform upper 
surface (roof) pressures (source: [4]) 
Figure 13. Scaled rise time of roof equivalent uniform 
positive pressures (source: [4]);  
 
Figure 14. Scaled duration of roof equivalent uniform pressures (source: [4]);  
(SI units: 1 psi = 6894,76 Pa = 0,0689 bar; 1 ms/lb1/3 = 1,3 ms/kg1/3) 
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2.2.3 Rear wall 
The shockwave front will expand as the front crosses the rear/back parts of the roof and/or structural side 
walls, forming secondary waves moving over the back wall. The secondary wave engulfing the back wall 
results from the "spillover" from the roof, and the side walls, in the case of longer structures. These secondary 
waves are further strengthened after hitting reflecting surfaces.  
In most construction cases, calculating the total drag effects on the building is the key justification for 
estimation of the blast loads on the rear wall.  
The blast loading on the back wall (Fig. 15a) is estimated using the similar method as the one used for the 
blast loads on the upper surfaces (roof) and side walls of the object. Here the maximum pressure of the 
equivalent uniform P-t curve (Fig. 15b) is estimated using the maximum pressure Psob that would develop at 
the back edge of the upper surface.  
The equivalent uniform load factors (CE, CE-) are based on the maximum pressure values. The dynamic 
pressure corresponds to the one associated with the equivalent pressure CEPsob, and the drag coefficients 
recommendations are the similar as the ones used for the upper surface (roof) and side walls of given 
structure. [4].  
 
 
Figure 15. Rear wall loading (source: [4]) 
 
An examples of (manual) calculations of external load on structures and construction of approximate P(t) 
diagrams can be found in [4,8,10].  
2.3. Influence of openings in the structure 
To ensure sufficient light and ventilation, modern buildings contain wide gaps, typically on either side. 
Windows are the first components of the system that are expected to collapse when a blast wave reaches a 
structure. The prevailing theory of structural architecture allows them to be the weakest component of the 
structure, even though they are built to retain those pressure values, so failure of the wall before failure of the 
glass facade is naturally more risky.  
When in contact with a standard window, the blast wave front automatically causes its collapse and it spreads 
inside the object. Around the same time, as some energy is consumed by the glass breakage [8], the maximum 
value of the overpressure wave will eventually become lower. 
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When blast loads are calculated on buildings with exposed openings on external faces, two structural 
configurations are commonly encountered. Windows, light doors or different openings situated in both the 
front and upper (roof) walls and along the structure's side walls are part of the first configuration. The second 
configuration encompasses openings found in the structure's front face only, and the other surfaces typically 
don’t have openings.  
When a shock wave front attacks a structure's front wall, the incident pressure is intensified. Windows and 
doors collapse almost instantly, unless they are designed to withstand the load. As a consequence, through 
these holes, blast wave fill the object. This abrupt release of high pressure will cause the inside of each 
opening to form a new shock wave front.  
Each independent front will extend and appear to converge into a single wave front that expanding in the 
interior of the object. This internal shock is initially lower than the incident pressure of the wave on the 
outside of the structure but because of reflections, the interior pressure would eventually get larger. 
In Fig. 16, an idealized structural object is presented. The arriving shock front has incident pressure Pso and 
wave length Lw. Blast wave penetrate the interior of the structure from the hole (opening) in the front part 
(with area A0), as the shock front goes through the object. To achieve a hypothetical single opening centred at 
the middle of the front wall, the multiple openings area is usually determined (by summation of individual 
ones) [4]. 
 
   
Figure 16. Idealized structure scheme for interior blast loads (source: [4]) 
 
Fig. 17 further illustrates the idealized P-t load curves for these (internal) surfaces inside a structure. The blast 
pressures operating on the outside of the building in residential area, except for the front wall, are not 
influenced by the opening in the object, and are calculated in compliance with the procedures mentioned in 
the preceding section. 
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Figure 17. Idealized interior blast loads (source: [4]) 
 
As an example of software application for these cases, the CHAMBER code was developed to compute the 
pressure in a rectangular box-shaped room (structure) produced by the air blast from external explosions 
penetrating into the room through openings in the walls such as doors, windows and ducts of air entrainment 
systems [9]. 
3. Structural response to blast loading  
When a shock wave hits an object, it generates a dynamic response, caused by the pressure and impulse 
transferred to the object [21].  
The rate at which the impulse builds up is important since it can determine the strain rate of the target [22].  
Blast load events induce large strain rates, approximately 102 - 104 s−1 [23]. The strength of structures is not 
only dependent on the load but also on structure characteristics, such as its geometry and materials. An object 
hit by a blast wave experiences a loading action which may cause deformation, and different damage levels 
can occur if the stresses and strains exceed those that the material can tolerate [9].  
The deformation can take place in the entire structure when a blast wave hits the target, or can be built up in 
the central part, in the case of a localised blast wave, so the deflection response is dependent on the blast 
loading area. The magnitude and spatial distribution of blast loads on a given structure depends on several 
factors: characteristics of high-explosive materials, the stand-off distance, target or surroundings, and the 
amplification of the pressure pulse due to the reflection [24].  
The natural period T of an object play an important role on its response [8]. Generally, three load regimes can 
be defined: impulsive, dynamic and quasi-static. The impulsive regime is present when the load pulse is short 
compared to the structure natural period of vibration: 4,00 t , where   (= 2/T) is natural vibration 
frequency of an object. The dynamic regime occurs when the load duration and structural response times have 
similar order of magnitude: 404,0 0  t . The quasi-static regime applies when the load duration is long 
compared to the structure natural response: 400 t . For impulsive loading, most of the deformation will 
occur after the blast load ended, and for quasi-static loading the blast will cause deformation of the structure 
while the loading is active [16].  
The so called pressure - impulse (P-I) diagrams are used to define the limits for a safe response of structural 
member under different loading. Although these have been generally applied to predict structural damage, 
they can also be successfully used to predict human injuries due to the blast [16]. An example of a P-I 
diagram used frequently in blast analysis is shown in Figure 18, where the boundary contour line for a specific 
damage level is present [20].  




Figure 18. Typical pressure-impulse diagram (source: [20]) 
 
Diagram in Fig. 18 shows all the pressure - impulse combinations that generate the same damage level in a 
system. P-I diagrams are a representation of so called iso-damage curves [20]. 
There are two distinct regions in a pressure - impulse diagram (Fig. 18): significant structural damage and 
minor or no damage. P-I combinations to the left side and below given contour show responses below the 
corresponding damage level, and those above and to the right side of the contour will produce responses 
above the damage limit. For impulsive loads, the structural response is not dependent on the pressure.  
The associated impulse is, however, the main parameter influencing the behaviour of the structure. For quasi-
static loads the response depends on the pressure but on the impulse. The quasi-static asymptote is defined by 
the minimum pressure needed to reach a specific damage level. In between is a dynamic regime, which 
connects the impulsive asymptote with the quasi-static asymptote, and where the structural response depends 
on both pressure and impulse [20]. 
Designing structures to resist explosion blast waves is a very complex, and the evaluation of the structural 
strength under blast loads through computer simulations uses mainly two methods [20]: 
− Computational Fluid Dynamics (CFD) which allows the study of interactions between a fluid and a 
solid structure (Fluid-Solid Interaction), 
− Computational Solid Mechanics (CSM), dealing with response of the structure. 
4. Numerical simulations 
The empirical method outlined in the previous section permits estimation of explosive shock wave effects 
mostly for isolated structures. Structure complex geometry, other structures in proximity, and the surrounding 
environment cannot be taken into account using exclusively these methods. Also, the simplified empirical 
techniques give relatively good agreement with the test data only for the structure sides situated on the front 
surface. To overcome these limitations, various CFD (eng. Computational Fluid Dynamics) methods and 
Hydrocodes (large computer programs used to numerically simulate dynamic events, particularly those which 
include shocks) are used for prediction of blast load on the objects. [18]. 
Numerical simulations in this paper were performed in Ansys AUTODYN program.  
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When simulating explosions, material properties can be selected from the AUTODYN material library. Air 
uses the equation of state for Ideal gas, where the pressure P is related to the energy e (with adiabatic 
exponent ) [25] as: 
 
( ) eP  1−=
               
(8) 
 
This form of an equation is useful for its simplicity and computation ease, where only the value of  needs to 
be supplied.  
For high explosives (ie TNT), there are different forms of equations of state (Ideal gas, Constant Beta, 
Wilkins, Becker-Kistiakowski-Wilson), but the one used in AUTODYN is Jones - Wilkins - Lee (JWL), in the 















































11  (9) 
 
The values of A, R1, B, R2, and  constants from Eq. (9) have been determined from dynamic experiments (i.e. 
cylinder test) for many explosive types, and are available in AUTODYN material library. 
In this research, as a validation of the AUTODYN program method for solving urban blast problems, we 
numerically simulated blast wave formation in a 3D urban scene (Fig. 19) and compared obtained results to 
the ones experimentally studied in reference [15].  
Seven buildings of different heights (Fig. 19) simulated the cityscape. The experiment [1] used scaled urban 
scenarios where buildings B1, B2, and B4 were 400 mm high, buildings B3 and B5 300 mm high, and 
buildings RW and LW 450 mm high. The TNT charge with a mass of 16 g  (charge radius of 13,28 mm), and 
a density of 1630 kg/m3, was detonated at the point located 40mm above the ground between buildings. In 
relation to the origin coordinate system, the detonation point was located at following coordinates: 478 mm, 




Figure 19. Initial setup of an urban environment explosion scenario (adapted from [1]) 
 
To numerically simulate the experiment [1] with an urban blast, a 3D numerical simulation was required. As a 
first step we used CAD (Computer-Aided Design) software to make a 3D model of the buildings, export the 
model as .iges universal document type, and imported it into Ansys Workbench (this can also be done in 
Ansys Geometry Modeler). In this way, one can import any urban area CAD model available.  
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The next step was to do a 2D axisymmetric numerical simulation of free airblast in AUTODYN, with given 
explosive charge geometry (13,28 mm radius). Mesh cells were 1 mm in size.  
Values for different materials equations of state, as well as other material parameters, were specified from the 
default AUTODYN material library.  Zones with air were defined with energy of 2,068105 mJ/mm3 (to obtain 
an environmental pressure of 101,3 kPa) - initial condition. Results of this simulation were saved and later 
remapped into an urban environment (remap origin coordinates were chosen as in experiment [1], Fig. 19) in 
3D AUTODYN. Next we specified coordinate system origin and initial conditions in Ansys Workbench (earth 
gravity, and fixed, rigid buildings), and exported files into AUTODYN where the following procedure was 
used: 
• Loading of air and TNT as materials (with default parameter values from AUTODYN material 
library). 
• Specifying the initial condition (air was given initial energy of 2,068105 mJ/mm3). 
• The flowout boundary condition was specified to eliminate the wave reflection at the end of spatial 
domain. 
• Rectangular space grid was specified around buildings, and filled with air. Two Euler solvers were 
used (separately): Euler - Godunov and Euler - FCT, for the comparation of the results. 
• With Euler - Godunov solver we conducted simulations with two mesh cell sizes, 20 mm (336175 
cells)  and 10 mm (2768500 cells), to conduct a mesh independence study. With Euler - FCT solver 
we conducted all simulations with cell size of 10 mm (total 2768500 cells), but with two different 
quadratic viscosities (1 and 0,1), since reference [26] suggest values of 0,1 as more accurate. 
• Remapping of earlier 2D simulation results into 3D AUTODYN urban environment (coordinate point 
for detonation was specified as in the experiment, Fig. 19). 
• Specifying gauge point location as in the experiment. 
• Specifying simulation end time of 5 s (enough time for a pressure wave to engulf the structures). 
• Specifying parallel processing method. Simulation run time (for 5s of simulation) with 2768500 cells 
was around 7h using octa-core processor (AMD Ryzen 7).  
Fig. 20 shows pressure profiles determined with Euler solvers, compared (validated) to test data [1]. All 
solvers predict the event adequately, but FCT solver generally agrees better with test data, a conclusion also 
confirmed in [18]. Regarding mesh independence, there were no large qualitative differences in results 
between curves obtained with 10 mm and 20 mm cell sizes (see Euler - Godunov curves in Fig. 20), but 
smaller mesh size grid does give better prediction of the peak pressure. Regarding quadratic viscosities, values 
of 0,1 agree somewhat better with test data than the values of 1, a conclusion confirmed also in [26]. 
 
 
Figure 20. Pressures profiles determined with Euler solvers, compared to experimental data [1] 
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Fig. 21 presents pressure contours for different simulation times, showing wave reflections, diffraction around 
corners, and wave channeling due to the urban environment structures.  
For the pressure contours section plane (Fig. 21) we selected height of 13,6 mm above ground (average human 
height level) since, for the mentioned scaled experiment [1], buildings had an average height of 400 mm. 
Namely, if we assume these buildings were in reality around 50 m high, then the value of 13,6 mm (for a 
horizontal section plane) in a simulation would correspond roughly to an average human height of 1,75 m in 





Figure 21. Pressure contours for different simulation times 
 
Fig. 22 presents shockwave velocity vectors for different numerical simulation times. Here, the view is 
isometric and shows adequately the 3D model of buildings in AUTODYN. In Fig. 22 we can see the 
movement of the shockwave and its velocity at different times. Also, wave reflections and superposition can 
be seen as a wave develops further away from the detonation point. The last sequence in Fig. 22 shows that 
shockwave reaches the furthest buildings in this (scaled) urban model in about 2,25 ms. 






Figure 22. Velocity vectors for different simulation times  
 
Fig. 23 shows temperature profile, determined with Euler - FCT solver, for test gauge (measuring point) T1 
(shown schematically in Fig. 19). We see that the profile is similar as in the case for pressure, with maximum 
values for temperature of around 393 K (120 C).  
Fig. 24 presents temperature contours for different simulation times. Note that the scales in contours, 
presented in Fig. 24, are not the same in different time sequence. 
Here, as in the Fig. 21, temperature contours section plane had height of 13,6 mm above ground, which 
correspond to an average human height of 1,75 m in real case scenario.  
As can be seen from Fig. 24, the temperature quickly decreases as time progresses, and the closest buildings 
are impacted the most. 
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Figure 24. Temperature contours for different simulation times 
 
Analysis of blast wave effects for complex geometry urban scenario is becoming an increasingly relevant 
topic since the number of terrorist attacks, and also accidents with explosive material are not decreasing.  
Further research could be directed towards interior blast scenario. Also, work could be directed to using GIS 
files in a populated environment blast simulation, as a method for estimation of explosion effect in a real case 
scenario for certain urban areas. Methods for reinforcing the structures to the blast load could also be pursued 
in future research. 
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5. Conclusion 
A review of external blast loads on structures modeling methods is presented in the paper. Numerical 
simulations of explosion in an urban scenario were done in software Ansys AUTODYN, and results compared 
to experimental values. Recommendations were given regarding the use of numerical simulations in blast 
wave parameter calculations for the urban environment. 
Further research could be directed towards interior blast scenario. Also, work could be directed to using GIS 
files in a populated environment blast simulation, as a method for estimation of explosion effect in a real case 
scenario for certain urban areas. Methods for reinforcing the structures to the blast load could also be pursued 
in future research. 
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